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Abstract  

Nanocrystalline thin films of the alkane skeletal isomerisation catalyst sulfated zirconia were successfully deposited on a silicon substrate in order 

to allow the application of surface science techniques. Thermal treatment of the films was optimised to chemically mimic the powder preparation 

process, resulting in films possessing the essential features (including tetragonal phase, nanocrystallinity and sulfur content of ~3 atomic %) of 

active powder catalysts. The n-butane adsorption–desorption equilibrium under isobaric conditions (10-8 to 10-6 hPa) over the temperature range 

300–100 K was monitored by photoelectron spectroscopy. Analysis of the isobars revealed strong and weak n-butane chemisorption sites, releas-

ing heats of between 59–40 and 47–34 kJ/mol, corresponding to 5 and 25% of a monolayer coverage, respectively. The total amount of chemi-

sorbed n-butane coincides with the estimated number of surface sulfate groups. An increase in adsorption heat was observed between coverages 

of ~5–8% of a monolayer, indicating adsorbate–adsorbate interactions. It follows that adjacent sites are present and  isomerisation by a bimolecu-

lar surface reaction is feasible. Physisorption on the films generates heats of ~28 kJ/mol, for coverages from 30% up to a complete monolayer. 

Multilayer adsorption results in the formation of an electrically insulating adsorbate structure. It is proposed that the strong chemisorption sites 

correspond to an interaction with a minority disulfate species. 
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1. Introduction  

 

Holm and Bailey were the first to discover the cata-

lytic isomerisation activity of sulfated zirconia (doped with 

platinum), as documented by their patent of 1962.[1] Hino 

and Arata reported in 1979 and 1980 the isomerisation of n-

butane at room temperature on sulfated zirconia.[2,3] Their 

work initiated a strong interest in the application of this 

type of material in acid catalysis,[4,5] and commercial use 

followed.[6] Sulfate is a key component, and numerous 

propositions of its structure on the zirconia surface have 

been published, the majority of which were developed with 

the design of strong Brønsted or Lewis acid sites in 

mind.[7] Recent experimental and theoretical findings[8,9] 

have shown that active catalysts possess an IR band at 

~1404 cm-1, which is ascribed to the S=O bond stretching 

vibrations in disulfate or adsorbed SO3 molecules. These 

surface species are proposed to initiate alkane conversion 

by oxidative dehydrogenation. However, a complete picture 

of the surface sites on sulfated zirconia and their interaction 

with butane is lacking. 

Analysis by surface sensitive techniques, which are 

now very advanced and routinely applied, may provide 

more insight. However, the application of these techniques 

to "real" powder oxide catalysts, such as sulfated zirconia, 

is often not possible or limited, as the catalysts‟ porous 

structures give rise to diffusion limitations and their electri-

cally and thermally insulating nature can cause charge ac-

cumulation and temperature gradients. Model systems can 

be used to overcome these problems. Thin, single-

crystalline films grown on conducting substrates have been 

successfully employed leading to a detailed knowledge of 

the surface structure and reactivity of oxides.[10,11] For 

example, Meinel et al.[12] prepared single-crystalline cubic 

sulfated zirconia films by reactive deposition of zirconium 

onto Pt(111) in an O2 atmosphere, followed by exposure to 

a SO3 atmosphere. During sulfation a (√3 x √3)R30° struc-

ture develops, which is stable to 700 K. The drawbacks of 

single crystal models are their oversimplifications, for ex-

ample the lack of defects and support interaction; the trans-

fer of findings to "real" powder catalysts has thus had 

limited success. Alternatively, model systems may consist 
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of particles supported on thin oxide or carbon films. The 

films are deposited on flat, inert, and conducting sub-

strates,[13,14] and significant charge accumulation during 

experiments can be avoided, even if the film is an insulator. 

Such materials are inherently more complex than flat, con-

tinuous single-crystalline films and better mimic industrial, 

supported catalysts. 

A model for sulfated zirconia can be obtained fol-

lowing De Guire and co-workers[15-17] who  developed a 

method to prepare sulfated zirconia films by chemical 

deposition of zirconium sulfate from an aqueous acid-

stabilised medium on sulfonic acid terminated self-

assembled monolayers (SAMs) attached to the oxidised 

surface of a silicon wafer. Surface morphology studies of 

such zirconia films found in addition to the film, particles 

of 200 nm and larger embedded in the film.[18,19] Further 

development by Fischer and co-workers[20,21] to prevent 

homogenous deposition, by lowering of the film deposition 

temperature, resulted in smooth, non-porous, continuous 

sulfated zirconia thin films. To optimise the deposition 

conditions the stability of the sulfated zirconia precursor 

solution was investigated,[22] as well as on the forces be-

tween the SAMs and zirconia particles in solution.[23] 

Pyrolysis of the deposited material in argon produces a 

polycrystalline layer of tetragonal sulfated zirconia, as 

shown by transmission electron microscopy (TEM).[24-26] 

Mechanical properties of sulfated zirconia films prepared 

from similar aqueous depositions on SAM-covered sub-

strates have also been studied.[27-29] 

The interaction of surfaces with gas molecules can be 

elucidated by adsorptiondesorption (AD) equilibrium 

measurements. Isotherms or isobars,[30] obtained using 

flat, conducting surfaces, have been used to deduce cover-

age-dependent isosteric (constant coverage) heats of ad-

sorption[31] and kinetic data, including the reaction order 

for desorption and adsorption, the Kisliuk factor and the 

frequency factor for desorption.[30] Surface sensitive spec-

troscopic methods, such as X-ray or ultraviolet photoelec-

tron spectroscopy (XPS and UPS), can be used to measure 

adsorbate coverage under AD equilibrium conditions. 

Evaluation of the spectroscopic data can therefore lead to 

information relating to how the adsorbate binds to the ad-

sorbent, as well as allowing the generation of isobars or 

isotherms. 

UPS measurements under AD equilibrium have 

been used to investigate a variety of systems. The Henzler 

group determined heats of adsorption of water on 

NaCl(100)[32] and KCl(100).[33] Ranke and co-workers 

identified adsorption sites and heats of adsorption for am-

monia on Ge(001), (113) and (111) surfaces;[30,34] and for 

water, ethylbenzene and styrene on FeO(111), Fe3O4(111) 

and Pt(111) surfaces.[30,35-37] XP spectra, measured also 

under adsorption-desorption equilibrium, were used to sup-

port the assignments of the various adsorbate states and 

coverage determinations for water on FeO(111) and 

Fe3O4(111) surfaces.[37] Isosteric heats of adsorption de-

termined for water on FeO(111) and Fe3O4(111) are similar 

in value to heats of desorption deduced from TDS meas-

urements.[37]  

The goal of this work is to comprehensively describe 

the adsorption sites on sulfated zirconia. Thin films are 

produced, by altering the method described by 

Fischer,[20,21] and extensively characterised to ensure they 

are a suitable chemical model. Photoelectron spectroscopy 

is used to investigate the interaction of n-butane with the 

sulfated zirconia thin films under AD equilibrium. Low 

pressures and temperatures are applied as sulfated zirconia 

is known to be catalytically active even at room tempera-

ture.[2] Isobaric studies are performed to identify the vari-

ous adsorption sites on the films and quantitatively describe 

how the isosteric adsorption heats of n-butane vary with 

coverage. 

 

 

2. Experimental 

 

2.1. Synthesis and thermal treatment 

 

Single crystal silicon (100) 1 cm2 wafers were used 

as substrates, either p-type, 10 mOhm.cm, 750 m thick or 

n-type, 4.2 Ohm.cm, 1.3 mm thick with a groove drilled 

into the side for thermocouple placement. The silicon wa-

fers were cleaned using chloroform, acetone, ethanol and 

water, sequentially. Millipore®-filtered water was used for 

all preparation steps. The silicon wafers were then treated 

in Standard Clean 1 followed by Standard Clean 2 solu-

tions,[38] both for 40 min at a temperature of 343 K. Oxi-

dation of the wafers was performed in “piranha” solution (3 

parts 30% hydrogen peroxide to 5 parts conc. sulfuric acid); 

at 353 K for 50 min. “Piranha” solution is extremely ag-

gressive and must be handled with caution. 

To deposit the SAM, the wafers were immersed in a 

solution of 50 l of 1-thioacetato-16-

(trichlorosilyl)hexadecane in 5 ml of bicyclohexyl for at 

least 5 h under an argon atmosphere. The hydrophobic 

terminal thioacetate group of the SAM was then oxidised in 

a saturated aqueous solution of KHSO5·KHSO4·K2SO4 for 

5 h. After oxidation of the SAM the wafers were rinsed 

with water and transferred immediately into the deposition 

medium, an aqueous solution of 4 mM zirconium (IV) sul-

fate tetrahydrate in 0.4 M hydrochloric acid. The tempera-

ture of the deposition medium was ramped slowly (~1 

K/min) to 323 K. Films were deposited over time periods 

of 2496 h in order to prepare films of various thicknesses 

to suit the different characterisation techniques employed; 

thinner films to maximise the conductivity of the samples 

and thicker to minimise substrate contributions. On re-

moval from the deposition medium the films were rinsed 

with water and blown dry using argon. 

Thermal treatment of the films was performed in ar-

gon as a pyrolysis, to avoid potential heat damage to the 

film from combustion of the SAM, or in synthetic air as a 

calcination, to mimic the preparation of a typical powder 

catalyst. The films were heated to 823 K in 125 ml/min of 
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the chosen atmosphere for 2 h, ramping the temperature up 

and down at 5 K/min. 

 

 

2.2. Characterisation 

 

The surface chemical composition of the films was 

investigated by X-ray photoelectron spectroscopy 

(PHOIBOS 150 analyser, Specs-GmbH) using Mg K 

excitation (h = 1256.3 eV) and a pass energy of 30 eV. A 

Shirley background was subtracted and binding energies 

were corrected to Zr 3d5/2 = 182.2 eV of ZrO2.[39] Atomic 

sensitivity factors for Zr 3d, O 1s, and S 2s were taken from 

Ref. [40]. 

Topographical imaging of the films was performed 

using a Hitachi S-4100 scanning electron microscope 

(SEM) with a Thermo Noran System SIX energy dispersive 

X-ray detector (EDX). The SEM was operated at 5 kV 

using a working distance of 9 mm for imaging and 15 mm 

for EDX measurements. 

Cross section high resolution transmission electron 

microscopy (HRTEM) was performed on 24 and 48 h de-

posited calcined films. The samples were prepared by first 

cutting the wafers and gluing them together, film surface to 

film surface, then mechanically polishing and dimpling 

them down to 510 m, followed by ion milling with a 

Gatan precision ion polishing system operated at 3.5 kV 

using Ar+ ions. To minimise heating of the samples a single 

unfocused ion beam was used and the samples were ro-

tated. Analysis was performed using a Philips CM200 

transmission electron microscope with a field emission gun 

operated at 200 kV and a Gatan Tridiem imaging filter. 

Fast Fourier transformation of the images was employed to 

analyze the structure of small areas or individual grains. 

 

 

2.3. Adsorption–desorption equilibrium mea-

surements 

 

The sample temperature was measured via a K-type 

thermocouple inserted into a groove in the silicon support 

and controlled by liquid N2 cooling and resistive heating 

(for isobaric measurements) or electron bombardment (for 

in situ activation), in an apparatus similar to the one de-

scribed in Ref.[41]. Atmospheric pressure activation was 

performed in an adjacent chamber with a flow directed 

across the sample and heating via a lamp positioned in front 

of the sample. Sample transfer between the two chambers 

was accomplished under vacuum. 

 

 

2.3.1. Isobar measurements by XPS 

 

Interaction of both a calcined sulfated zirconia thin 

film and a silicon oxide layer (generated through oxidation 

of a cleaned silicon wafer in “piranha” solution) with n-

butane was investigated using Al K excitation (h = 

1486.7 eV) XPS, with a pass energy of 50 eV. Binding 

energies of the sulfated zirconia thin films were corrected 

to Zr 3d5/2 = 182.2 eV of ZrO2,[39] and of the silicon oxide 

layer were corrected to the elemental silicon component Si 

2p = 99.7 eV of Si (100),[39] to account for temperature-

induced shifts. Shirley backgrounds were subtracted from 

all peaks except for the C 1s, for which a linear background 

was used. 

Initial measurements were performed on a calcined 

sulfated zirconia film and a silicon oxide layer, both acti-

vated at 623 K in UHV with a temperature ramp of 

20 K/min. Spectra of the UHV-activated samples were 

recorded in A-D equilibrium, from room temperature to 

100 K and back to room temperature. Experiments were 

carried out under n-butane pressures of 2.2x10-8 and 

2.2x10-7 hPa sequentially. 

In order to determine the signal intensity of an "infi-

nitely" thick carbon layer the sulfated zirconia thin film 

was also exposed to 1x10-6 hPa n-butane at 100 K until the 

signals originating from the sulfated zirconia film (Zr 3d, 

O 1s and S 2p) were no longer detectable. 

A "blind" isobar experiment without X-ray irradia-

tion during n-butane exposure was performed on the silicon 

oxide layer, to investigate the effects of irradiation. The 

wafer was exposed to 2.2x10-7 hPa n-butane from room 

temperature to 100 K. XPS of the O 1s, C 1s and Si 2p 

regions were recorded prior to and immediately after the 

adsorption experiment at room temperature in ultrahigh 

vacuum. 

Detailed isobaric measurements were performed on a 

calcined sulfated zirconia thin film and a silicon oxide 

layer, while decreasing the temperature only. Activation of 

the sulfated zirconia thin film was performed at atmos-

pheric pressure in a flow of 40 ml/min synthetic air at 573 

K for 30 min (temperature ramp ~20 K/min). The air-

activated sulfated zirconia thin film was exposed to 2.2x10-

8 hPa n-butane at temperatures from 200 K to 100 K. At 

120 K the temperature was held constant for 40 min. The 

silicon oxide layer, which had been used previously for an 

adsorption experiment, was reactivated at 623 K in 1x10-7 

hPa O2 for 1 h, using a temperature ramp of ~20 K/min. 

The silicon oxide layer was then exposed to 2.2x10-8 hPa n-

butane while cooling from 200 K to 120 K. 

C 1s Difference spectra, corresponding to the adsor-

bate signal, were obtained by subtracting the "clean" sur-

face spectrum under UHV prior to n-butane exposure from 

the spectra taken in A-D equilibrium. The area of the dif-

ference signal could be converted into a coverage-

dependent value using the LambertBeer absorption law. 

Coverage  is defined as the number of adsorbed molecules 

divided by the total number of adsorption sites on the ad-

sorbent: 

 

ads

e 0,ads

d I
θ ln 1

l I
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where d is the adsorbate thickness (averaged over the 

whole surface), le is the electron escape depth, Iads is the 

intensity of the adsorbate signal and I0,ads is the intensity of 

the signal of an infinitely thick adsorbate layer. Hence, d/le 

is proportional to the adsorbate coverage. The escape depth 

is given by le = e cos , where e is the electron mean free 

path and  the mean escape angle normal to the surface (for 

the configuration used =0°, therefore le = e). e depends 

strongly on the kinetic energy of the electrons and, albeit to 

a lesser degree, on the material the electrons are passing 

through. Reported values of e (for various kinetic energies 

and materials)[39] can be used to estimate the adsorbate 

thickness, although wide error margins are to be expected 

as a result of the uncertainty in e, and the calculated values 

only have real meaning for full layer coverages. Calculated 

values are therefore quoted as equivalent adsorbate thick-

nesses. 

 

 

2.3.2. Isobar measurements by UPS 

 

He  (h = 40.8 eV) UPS was also used to investi-

gate the interaction of n-butane with calcined sulfated zir-

conia thin films and silicon oxide layers. Measurements 

were performed with a pass energy of 15 eV and a -5 V 

sample bias. Secondary electron curves and He  satellite-

induced emissions were not subtracted from the UP spectra 

presented. Both binding energy and vacuum level (Evac) 

aligned x-axis scales are given for all UP spectra (which 

differ by the work function of the spectrometer, 4.6 eV). 

Sample charging was not evaluated. 

Initial measurements were performed on a silicon ox-

ide layer. Spectra were measured in AD equilibrium at 

1x10-6 hPa while decreasing the temperature from room 

temperature to 105 K, followed by holding the temperature 

constant at 105 K for 1 h. In a subsequent experiment, the 

silicon oxide layer was cooled to 108 K and XP spectra of 

the surface were taken. The sample was then exposed to 

1x10-6 hPa n-butane and the change in signal followed by 

UPS. After 20 min XP spectra of the surface were taken 

with a low resolution to minimise beam damage. 

Detailed measurements were performed on fresh 

samples activated at 573 K under atmospheric pressure in a 

flow of 40 ml/min synthetic air for 30 min, using tempera-

ture ramps of ~20 K/min. Spectra were measured in A-D 

equilibrium under constant n-butane pressures of 1x10-8, 

1x10-7 and 1x10-6 hPa at temperatures from room tempera-

ture to ~110 K, sequentially. After each isobar the sample 

was moved out of the UV beam, the chamber was evacu-

ated, and the sample was heated resistively up to room 

temperature. Before and after the sets of isobars, XPS 

measurements of samples were performed in UHV. 

After the set of isobars, the sulfated zirconia thin film 

was reactivated under the same conditions as were used for 

the original activation. The film was then exposed to 1x10-6 

hPa n-butane at temperatures down to 100 K while turned 

out of the irradiating beam (a non-irradiated isobar). UP 

and XP spectra were recorded in UHV at room temperature 

prior to and after performing the non-irradiated isobar. The 

sulfated zirconia thin film was again reactivated and ex-

posed to 1x10-6 hPa n-butane for 3 h at room temperature 

under He II UV irradiation. UP spectra were recorded after 

each hour and XP spectra of the sample were measured in 

UHV before and after the 3 h n-butane exposure. 

To obtain adsorbate spectra, the data series recorded 

of the silicon oxide layer and the sulfated zirconia thin film 

in AD equilibrium were analysed as outlined in Ref. [30] 

The clean spectrum obtained prior to performing the isobar 

was subtracted from the spectra taken under n-butane AD 

equilibrium conditions, after applying an attenuation factor 

to the clean spectrum and shifting the energy scale of the 

spectra acquired under n-butane AD equilibrium. The 

alignment shift and attenuation factor are applied such that 

there is not an increase in the difference spectra between 

binding energies of ~2.54.0 eV (where no spectral contri-

butions from the adsorbate are expected). Misalignment of 

the spectra can result in the introduction of artificial struc-

tures; alignment shifts and attenuation factors were varied 

until such artefacts were minimised. 

The attenuation of the clean spectrum can be con-

verted into a coverage-related value using the Lam-

bertBeer absorption law: 

 

sub

e 0,sub

d I
θ ln

l I

 
    

 
 

 

where Isub is the substrate (adsorbent) intensity and I0,sub is 

the substrate intensity prior to adsorption. Thus, (Isub/I0,sub) 

is the attenuation factor used to form the difference spectra. 

The carbon layer thickness was estimated in a similar way 

for the XPS measurements of the silicon oxide layer after 

exposure to 1x10-6 hPa n-butane for 20 min at 108 K, using 

the attenuation of the Si 2p peak. 

Isosteric heats of adsorption were derived for n-butane on 

the calcined sulfated zirconia thin film from the sets of 

isobars generated at the different pressures using the Clau-

siusClapeyron equation.[30] For a given coverage, the 

gradient of ln p plotted against 1/T is equivalent to the isos-

teric heat of adsorption over the gas constant, R. 

 

 

3. Results 

 

3.1. Thermal treatment experiments 

 

XPS measurements of the as deposited films show 

that signals from the silicon substrate decrease with in-

creasing deposition time. Two maxima of the Si 2p are 

detected, one at a binding energy of Si 2p3/2 = 99.7 eV con-

sistent with Si(100) and the other at a binding energy of 

Si 2p(3/2+1/2) = 103.7 eV, in accordance with oxidised sili-

con.[39]. Signals arising from the zirconia film are  
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Fig. 1: O 1s XP spectra of films deposited over 48 h as deposited 

and after argon or air treatment at 823 K. 

 

 

shifted towards higher binding energies because of charg-

ing, an offset of around 2.2 eV is observed. After correction 

of the binding energies, the maximum of the S 2p 

(S 2p3/2+1/2) signal is detected at a binding energy of 168.4 

eV, indicating a sulfur oxidation state of +6. The O 1s sig-

nal (Figure 1) is composed of at least two peaks, the lower 

binding energy peak at around 529.4 eV relates to oxide 

anions and the higher binding energy peak at ca. 531.1 eV 

corresponds to sulfated and hydroxide species. Assuming 

the charging correction is also valid for the carbon signal, 

the C 1s peak has a maximum at ~284.0 eV, which is simi-

lar to the reported value of "chain" carbon[42] as would be 

expected from the SAM. 

XP spectra of the films after the two different ther-

mal treatments show the loss of sulfur, as is apparent from 

the relative intensity of the S 2p as well as the S 2s region 

in the spectra, and from the shape of the O 1s signal (Figure 

1). The higher binding energy component of the O 1s signal 

(relating to hydroxyl and sulfate groups) is reduced after 

both thermal treatments, but more significantly for the 

treatment in argon. After thermal treatment of the films in 

argon no sulfur is detectable in the S 2p or S 2s regions. 

Thermal treatment of the films in synthetic air retards the 

loss of sulfur and thus elemental compositions of the films 

are comparable to a typical active powder catalyst (Table 

1).[43] In addition to the loss of sulfur, the C 1s signal is 

diminished and shifts to 284.6 eV, consistent with the de-

composition of the SAM and the main source of carbon 

being either atmospheric contamination (adventitious) or 

SAM decomposition products. The silicon substrate peaks 

are more prominent after thermal treatment, indicating a 

decrease in layer thickness. Estimation of the thickness of 

the air-treated films from the intensity of the Si 2p signal 

(using an electron mean free path of 3.2 nm, calculated 

from Ref. [44]) yields values of 2–12 nm, increasing line-

arly with deposition time (see Figure 2). 

SEM images (not shown) reveal the surfaces of the 

as deposited and thermally treated films to all be mainly  

Table 1: Elemental compositions calculated from XPS data of as 

deposited and thermally treated films deposited over 48 h. Samples 

compared to a typical active tetragonal powder sulfated zirconia 

sample.[43] n.d. = not detected 

 
 

 

smooth, homogeneous and crack free. However, some 

spherically shaped particles with diameters up to 2 m are  

observed on the as deposited film surface. These particles 

appear to remain unchanged, as does the film surrounding 

them, after the two different thermal treatments. EDX 

analyses reveal that the as deposited film and particles con-

sist of zirconium, oxygen and sulfur. After thermal treat-

ment EDX analyses of the films overall elemental 

compositions results in similar values to those from XPS 

measurements; no sulfur was detected in the argon-treated 

film and a slightly lower sulfur content compared to the as 

deposited film for the air-treated film. Focusing of the inci-

dent electron beam for EDX analysis on the particles shows 

that their compositions differ from that of the film for the 

argon-treated sample, in that they contain sulfur. However, 

the composition of the particles on the air-treated films is 

similar to the film composition. Elemental compositions of 

surface and particles of the air-treated films by EDX analy-

sis are comparable to a typical powder catalyst. 

Cross sectional HRTEM images of air-treated films 

deposited over 24 and 48 hours are shown in Figure 3a and 

b. TEM analyses reveal both films to be continuous, with 

average thicknesses of 2.5 (24 h deposition) and 5.5 nm (48 

h deposition). The film thickness of the 24 h deposited film 

varies from 1 to 5 nm. The 48 h film is, however, of rela-

tively homogeneous thicknesses (within 1 nm). HRTEM 

images show the 24 h film to be mainly amorphous with 

some crystals in the thicker areas of the film; crystals with 

sizes between 110 nm parallel to the film are detected. 

The 48 h film is shown to be fully crystalline with crystal  
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Fig. 2: Air-treated sulfated zirconia film thickness after various 

deposition times calculated from XPS and TEM results. 
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Fig. 3: HRTEM cross section images (and Fourier transforms of selected areas inset) of calcined sulfated zirconia thin films after (a) 24 h and (b) 

48 h depositions. Top left to bottom right sequence shows the silicon wafer (about half of the image), an about 3 nm thick layer of silicon oxide 

(light grey) and the sulfated zirconia layer (as a dark band with lattice fringes visible). 

 

 

 

sizes from 5 up to 30 nm. Fourier transform analyses of 

selected areas of the HRTEM images (inset Figure 3a and 

b) reveal the structures of the crystalline layers from both 

films to be consistent with the tetragonal phase. Minor 

amounts of the cubic phase cannot be excluded; however, 

no monoclinic phase was present in the areas of the films 

examined. 

 

 

3.2. Adsorption–desorption equilibrium mea-

surements 

 

3.2.1. Isobar measurements by XPS 

 

C 1s XP difference spectra of the sulfated zirconia 

thin film at an n-butane pressure of 10-7 hPa (initial meas-

urements) are shown in Figure 4a. An increase in the C 1s 

signal intensity is seen upon decreasing the temperature 

below ~140 K, concomitantly the substrate peaks (O 1s and 

Zr 3d, not shown) decrease in intensity, consistent with the 

adsorption of n-butane. Increasing the sample temperature 

from 100 K back to room temperature and evacuation re-

sults in a decrease of the C 1s signal; however, a significant 

fraction of the signal remains (approximately 35% of the 

signal at 100 K). Repeating this experiment with a silicon 

oxide layer also results in the adsorption of n-butane at low 

temperatures and the formation of a carbonaceous species 

that remains after evacuation. 

The initial isobars on both the sulfated zirconia thin 

film and the silicon oxide layer performed at an n-butane 

pressure of 10-8 hPa also show the formation of carbona-

ceous deposits that remain after evacuation. The total ad-

sorbate coverage on the samples during the isobars at 10-8 

hPa is much lower than during the isobars at 10-7 hPa (by 

roughly a factor of 2), as is the fraction that is irreversibly 

adsorbed (~10%). 

A "blind" isobaric experiment on the silicon oxide 

layer, without irradiating during n-butane exposure (at 

2.2x10-7 hPa and including cooling to 100 K and reheating 

to room temperature), does not lead to a significant increase 

in the carbon signal. Thus, carbon deposits that are not 

removed after evacuation are attributed to decomposition of 

the adsorbate by irradiation and are hereafter referred to as 

beam damage residues. The amount of beam damage resi-

due formed is proportional to both the adsorbate coverage 

and irradiation time. 

Isobars derived from detailed XPS measurements are 

shown in Figure 4b. These measurements were performed 

while decreasing the temperature only on freshly activated 

samples at low n-butane pressures (10-8 hPa) in order to 

minimise beam damage residues. Measurements of the air-

activated sulfated zirconia film at a constant temperature 

(120 K) during butane exposure do not show a significant 

increase in adsorbate coverage with time (in comparison to 

changes with temperature), thus the fraction of adsorbate 

coverage that is beam damaged during the measurement is 

considered negligible. Adsorption on the sulfated zirconia 

thin film at an n-butane pressure of 10-8 hPa is initially 

detected at ~150 K and significantly increases below 120 

K. The adsorbate coverage on a sulfated zirconia thin film 

is clearly higher than for the silicon oxide layer under the 

same conditions between 150120 K. 
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Fig. 4: (a) C 1s XP difference spectra of a sulfated zirconia thin film under A-D equilibrium of 2.2x10-7 hPa n-butane measured while decreasing 

temperature from room temperature (solid stars) to 101 K (solid lines: intermediate temperatures, open circles: 101 K) and after increasing tem-

perature to room temperature and evacuation (solid squares). Spectrum of clean (as introduced) specimen subtracted. 

(b) 2.2x10-8 hPa n-Butane isobars on a sulfated zirconia thin film and a silicon oxide layer. 

 

 

 
 

Fig. 5: (a) UP Spectra of a silicon oxide layer as introduced (clean) at room temperature under UHV and under 1x10-6 hPa n-butane AD equilib-

rium conditions from room temperature to 105 K, time exposed to n-butane given in minutes. (b) C 1s XP Spectra of "clean" silicon oxide layer 

at 108 K under UHV and after 30 minutes exposure to 1x10-6 hPa n-butane. 

 

 

 

3.2.2. Isobar measurements by UPS 

 

UP spectra of a silicon oxide layer under UHV conditions 

(clean) and at an n-butane pressure of 1x10-6 hPa (initial 

measurement) are shown in Figure 5a. As the temperature 

is decreased all signals shift to higher binding energies, 

which may be caused by band bending[45] at the silicon-

oxide interface, photovoltaic effects[46,47] and possibly 

also variations in charging of the oxide overlayer. The 

presence of an adsorbate can affect the work function and 

thus also result in binding energy shifts.[30] Upon cooling, 

the shape of the spectra changes indicating adsorption of n-

butane. A decrease in overall signal intensity during ad-

sorption is observed, evidently from the adsorbate having a 

lower photoelectron cross section than the adsorbent.  

At low temperatures (below 110 K) the signal inten-

sity across the entire measured region (as shown in Figure 

5a) significantly reduces in intensity with time. Comparison 

of XP spectra (with short acquisition time to minimise 

beam damage) of the silicon oxide layer at 108 K in UHV 

and after exposure to 1x10-6 hPa for 20 minutes shows the 

deposition of carbon species with binding energies up to 10 

eV higher than the initial carbon signal (Figure 5b). C 1s 

binding energies of above 292 eV are only possible from 

carbon bonded to fluorine,[39] which is not present (as 

shown by XPS). Therefore, the shift must arise from strong 

charging of the thick adsorbate layer, which is obviously 

insulating. The valence orbitals of the charged adsorbate 

are shifted so far towards higher binding energies in the UP 

spectrum that they disappear from the measured range and  
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Fig. 6: UP spectra of sulfated zirconia thin film after activation and 

sequential 10-8
, and 10-7 hPa n-butane isobars. Difference spectra 

indicating the beam damage residues formed after the 10-8 and 10-7 

hPa n-butane isobars are also shown. 

 

 

are indistinguishable from the secondary electron 

curve. Only a minor contribution from the uncharged ad-

sorbate is still observed. 

UP spectra of the samples taken in UHV before and 

after each of the detailed isobar measurements show the 

build-up of deposits that are not removed by evacuation 

(Figure 6). Such deposits form on the silicon oxide layer 

and the sulfated zirconia thin film and their amount in-

creases with increasing pressure during the isobaric meas-

urement (up to a thickness corresponding to d/le  0.05). 

These deposits detected by UPS are, however, below the 

XPS limits of detection. 

Regeneration of the sulfated zirconia thin film after 

the set of three isobars results in the removal of the major-

ity of species remaining after evacuation. Exposing the 

regenerated sulfated zirconia to 1x10-6 hPa n-butane at 100 

K without irradiation or for 3 h at room temperature irradi-

ating with He II radiation does not result in changes to the 

shape of the valence band spectra. Therefore, the deposited 

species remaining after the isobaric measurements are 

beam damage residues and UV irradiation of the sample in 

n-butane at room temperature does not induce adsorption. 

To limit the effect of the beam damage residues, the 

spectrum obtained (in UHV) immediately prior to each 

isobar is subtracted from the spectra obtained in AD equi-

librium to produce the difference spectra. Difference spec-

tra (from both materials studied) generated for 

measurements performed under n-butane AD equilibrium 

show the development of spectral features that resemble 

those of gaseous n-butane[48] but are significantly broad-

ened. Adsorption is observed at higher temperatures than 

during the XPS measurements, probably because of the 

higher surface sensitivity of UPS. 

The sulfated zirconia difference spectra recorded at 

an n-butane pressure of 10-6 hPa and at various tempera-

tures are shown in Figure 7b; similar spectral changes are  
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Fig. 7: UP spectra of a sulfated zirconia thin film during AD 

equilibrium at 1x10-6 hPa n-butane: (a) raw data with "clean" UHV 

spectrum and (b) "clean" subtracted adsorbate difference spectra. 

 

 

observed for the difference spectra obtained at n-butane 

pressures of 10-8 and 10-7 hPa. At low coverages (d/le < 0.3, 

labelled region ) the spectral features are significantly 

perturbed compared with the gas phase spectrum[48], indi-

cating a strong interaction between n-butane and surface. 

Above a certain coverage (0.3 < d/le < ~1, labelled region 

) the development of features that resemble the gaseous 

spectrum of n-butane[48] become apparent, suggesting a 

low level of perturbation and hence a weak interaction. At 

high coverages (d/le > ~1, labelled region ) the overall 

intensity of the spectra decreases, because of charging of 

the adsorbate as indicated by XPS measurements. A step in 

the isobars generated from the attenuation of the adsorbent 

indicate the  region can be further split into two different 

states, labelled ' for low coverages (d/le < 0.05) and  for 

higher coverages (0.05 < d/le < 0.3) in Figures 7b and 8b. 

Heats of adsorption (Figure 9) calculated from the 

isobars decrease initially from 69 to 41 kJ/mol with in-

creasing coverage in the ' region; they then increase to 

~47 kJ/mol and decrease again to 34 kJ/mol with increasing 

coverage in the  region. Values of ~28 kJ/mol, independ-

ent of coverage, are obtained in the  region. 
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Fig. 8: Isobars derived form AD equilibrium UPS measurements on a sulfated zirconia thin film, (a) complete isobars and (b) initial coverages 

only 

 

 

 

4. Discussion 

 

4.1. Validation of thin films as model 

 

The sulfated zirconia films were characterised by a 

variety of methods to ensure that they are representative 

models of a typical powder catalyst and are suitable for 

surface science investigations. Topographical studies by 

SEM showed the surfaces of the as deposited and thermally 

treated sulfated zirconia films to be largely free of adhering 

particles and smooth. No influence of the particles was 

detected using XPS, for example no differential charging 

was observed, which would obfuscate the results. 

Thermal treatment of the films in argon results in an 

almost complete loss of sulfur whereas after thermal treat-

ment in air the majority of sulfate is retained. Decomposi-

tion reportedly yields SO2 (g) + ½ O2 (g)[49] and, 

consequently, this pathway is suppressed in air. Therefore, 

films thermally treated in air were used for further investi-

gations. The elemental composition of both the films and 

particles adhering to the films, after thermal treatment in 

synthetic air, were shown to be equivalent and similar to an 

active powder sample.  

Structural investigations of the air-treated films by 

TEM show that very thin films do not crystallise. In order 

to form a fully crystalline material a film thickness of at 

least ~5 nm is required. Films that were deposited over 48 h  
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n-Butane heats of adsorption on a sulfated zirconia thin film (from 

isobaric measurements) and on a sulfated zirconia powder (from 

microcalorimetric measurements).[69] Amount of n-butane ad-

sorbed on the sulfated zirconia powder is aligned to the n-butane 

coverage of the sulfated zirconia thin film assuming a cross sec-

tional area of 33.2 Å² per butane molecule.[62]  

 

 

 

were found to consist of tetragonal crystals. The mono-

clinic phase is the thermodynamically stable phase for ex-

tended crystals of zirconia. The tetragonal phase is 

stabilised by the formation of small crystals (less than 

30 nm in size) because of its lower surface energy in com-

parison with the monoclinic phase[50-53] and by the pres-

ence of sulfate.[4] The tendency of very thin films not to 

form the tetragonal phase may be explained by the surface 

energy stabilisation of amorphous relative to tetragonal 

zirconia.[54] Some of the experiments (specifically, meas-

urements of isobars by XPS) were performed with the thin 

and thus only partially crystallised samples, and the inter-

pretation of these experiments must consider the small 

tetragonal fraction of the films. The size of the tetragonal 

crystallites is equivalent to those of active sulfated zirconia 

powders.[55] In conclusion, the produced films are consid-

ered a suitable model for surface science studies. 

 

 

4.2. Elimination of beam damage and charging 

problems 

 

XPS measurements after adsorption and desorption 

of n-butane under isobaric conditions indicate that a small 

fraction of the adsorbate is decomposed in the X-ray beam, 

resulting in the formation of residues that remain after 

evacuation. Organic materials are known to be sensitive to 

beam damage due to their insulating nature and relatively 

weak bonds.[56] Beam damage of organic materials is be-

lieved to be caused by low energy (secondary) elec-

trons,[57] which are formed by the inelastic scattering of 

photoelectrons in a cascading effect. Experiments per-

formed on fresh samples during decreasing temperature 

show the effect of beam damage during the measurement to 

be negligible. Such artefact-free data show that the adsorp-

tion of n-butane on sulfated zirconia thin films is promoted 

compared to adsorption on a silicon oxide layer. 

To deduce isosteric heats of adsorption, multiple iso-

bars at various pressures need to be performed on the same 

surface; this could be done in principle by only studying the 

initial stages of adsorption or reactivating the sample after 

each isobar. If just the very low coverages were to be stud-

ied (which can be considered the catalytically relevant 

chemisorption states), the amount of beam damage could 

be considered insignificant. However, in practice, differen-

tiating between the interesting adsorbate coverages and 

levels at which beam damage becomes significant during 

an experiment is very difficult. Reactivating of the samples 

after each isobar to remove the beam damage residues may 

result in changing surface chemistry (for example OH cov-

erage). In order to perform multiple isobars on the same 

surfaces UPS was used instead of XPS to avoid beam dam-

age. Significantly fewer low energy secondary electrons are 

expected from the inelastic scattering of photoelectrons 

from He  UV radiation than Al K X-ray radiation be-

cause of the lower photon energy (48.8 eV vs. 1486.7 eV). 

Measuring the adsorbate coverage during n-butane 

AD equilibrium using UPS drastically reduces the amount 

of beam damage residue compared to XPS (to below the 

XPS detection limit). However, beam damage residues are 

still seen by UPS. In order to reduce adsorbate irradiation 

(and hence limit beam damage effects) UPS isobars were 

performed only while decreasing the sample temperature, 

the sample was turned out of the beam while the tempera-

ture was increased and subsequent isobars were performed 

at higher pressures. 

UP spectra of the beam damage residues (Figure 6) 

are similar to graphitic species.[36] The high signal inten-

sity of such species and the marginal attenuation of the 

adsorbent spectrum indicate that the residues probably form 

3-dimensional islands. Since the reported heats of adsorp-

tion of n-butane on graphitic materials (32.633.9 

kJ/mol)[58-60] are much lower than those for adsorption on 

sulfated zirconia[61] and the shape of the difference spectra 

generated does not change with increasing pressure of the 

isobaric measurements (and hence also the amount of beam 

damage residues), it is assumed that at low coverages (dur-

ing chemisorption) adsorption occurs on the sulfated zirco-

nia film and not on the beam damage residues. Saturation 

coverages of the various adsorption sites, as indicated by 

changes in the UP spectra and isobar gradients, are not 

influenced by the increase of the beam damage residues in 

consecutive measurements. The reduction in surface area of 

the sulfated zirconia film by beam damage residues is thus 

considered negligible. 

UP spectra recorded at low temperatures and thus 

high coverages show a significantly reduced intensity in the 

measured region (Figure 7a), which can only be interpreted 

by assuming a highly charged adsorbate state with a photo 
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Fig. 10: Proposed adsorbate structure changes with increasing 

coverage. 

 

 

electron signal that overlaps with the secondary electron 

peak. XPS measurements of the n-butane-exposed, silicon 

oxide layer, after the UPS signal is significantly reduced, 

reveal the adsorbate coverage to be in excess of a typical 

monolayer (when a monolayer is defined as the complete 

occupancy by the adsorbate of all adsorbent adsorption 

sites). Thus a multilayered adsorbate structure must exist. 

However, the change in the shape of the spectra at very low 

temperatures indicates that the adsorption geometry of the 

initial adsorption states may change as well. These possi-

bilities are illustrated in Figure 10. The charging adsorbate 

state was not seen during isobar measurements by XPS, 

thus it may have been decomposed by X-ray irradiation. 

The charging adsorbate state was not further investigated 

because it was only observed at high coverages, that is, 

during multilayer adsorption and therefore it does not re-

flect adsorption on catalytically active sites. Detailed UPS 

AD equilibrium measurements were therefore discontin-

ued when a significant decrease in signal intensity was 

observed. 

 

 

4.3. Interpretation of isobars 

 

Analysis of the isobars obtained through XPS meas-

urements showed that the adsorption of n-butane on sul-

fated zirconia is promoted relative to adsorption on silicon 

oxide. Difference spectra generated from UPS measure-

ments on the sulfated zirconia thin film indicate that at 

lower coverages the adsorbate interacts more strongly with 

the adsorbent than at higher coverages; this trend is evident 

from both the shape of the valence orbitals (observed be-

tween binding energies of 512 eV) in comparison with the 

n-butane gaseous spectrum,[48] and from the relatively 

higher binding energies (Figure 7b). Three of the four C 2s 

orbitals of adsorbed n-butane are observed between binding 

energies of 1320 eV, the fourth orbital is assumed to be 

hidden by the secondary electron curve. The spectral fea-

tures of the adsorbate, when aligned to the vacuum level 

energy, are shifted by approximately 0.4 eV with respect to 

the gas phase n-butane spectrum[48] because of the relaxa-

tion effect (although, as the sulfated zirconia thin film and 

hence also the adsorbate may be charging, the absolute 

relaxation shift could be larger than the value given here). 

The mean free path of the photoelectrons during the 

UPS measurements is approximately 0.5 nm,[44] which is 

similar to the thickness of a complete n-butane monolayer 

coverage reported on various surfaces {0.41 nm on MgO 

(100)[62] and Ag (111)[63] }. The saturation of the  state, 

which occurs at d/le  1, thus corresponds to the completion 

of a monolayer. Surface sites on the sulfated zirconia thin 

film lead to three different adsorption states of n-butane, 

which distribute approximately to 5% region ', 25% re-

gion  and 70% region . Considering the heats of adsorp-

tion and spectral features, the adsorption states ',  and  

are attributed to strong chemisorption, weak chemisorption 

and physisorption, respectively. The region  is attributed 

to multilayer adsorption. The second and subsequent layers 

may not necessarily be considered as condensation, as such 

a state has been reported to occur only after 2.5 monolayers 

for butane on multiwalled carbon nanotubes (which have 

lower initial heats of adsorption than sulfated zirconia).[64] 

 

 

4.4. Evaluation of isosteric heats of n-butane 

adsorption 

 

Initial n-butane heats of adsorption of ~59 kJ/mol ob-

tained on the sulfated zirconia thin film and the general 

trend of the heats to decrease with increasing coverage are 

in good agreement with previously reported results on sul-

fated zirconia powders (5060 kJ/mol).[61,65-68] An in-

crease in the heats of adsorption with increasing n-butane 

coverage, as seen in the  region on the sulfated zirconia 

thin films (shown in Figure 9), has also been observed dur-

ing microcalorimetric measurements on some powder sul-

fated zirconia materials.[69] Such an increase may be the 

result of adsorbateadsorbate interactions, which would 

indicate the alkane molecules are situated next to one an-

other. Adjacent surface sites would allow the skeletal isom-

erisation to proceed via a bimolecular surface reaction 

between two adsorbed species, as proposed by Fogash et 

al.[70] on the basis of a kinetics investigation.  

To compare the heats of n-butane adsorption on the 

sulfated zirconia thin film with those obtained on powders, 

the coverage has to be converted to mol/g or mol/m2. As-

suming an n-butane cross sectional area of 33.2 Å², as de-

termined for a monolayer coverage of n-butane on 

MgO,[62] a monolayer of n-butane corresponds to a total of 

3.0x1018 molecules/m². Therefore, the 5 and 25% 

monolayer coverage adsorption regions ' and  equate to 

n-butane surface densities of approximately 1.5x1017 and 

7.5 x1017 molecules/m² respectively, or a total of 0.9x1018 

molecules/m².  

Aligning the amount of n-butane dosed onto a sul-

fated zirconia powder[69] with the n-butane coverage on 

the sulfated zirconia film in Figure 9 reveals the onset of 

increase in adsorption heats to occur at approximately the 

same loadings on both specimens. The heats of adsorption 

and /

or
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in the  region of the sulfated zirconia thin film are slightly 

lower than those of the presented powder material (~47 

kJ/mol versus 5254 kJ/mol), however they are within the 

range of reported values on powders at higher coverages 

(45 kJ/mol[65] for 0.20 mol/m², 38 kJ/mol[66] for 0.36 

mol/m² and 40 kJ/mol[68] for 0.55 mol/m²). 

 

 

4.5. Adsorption sites 

 

To identify the nature of the adsorption sites, the 

coverage of the zirconia with sulfate groups needs to be 

estimated. XPS measurements show that the Zr:S atomic 

ratio (based on the Zr 3d and S 2p peak areas and reported 

atomic sensitivity factors[40]) of the activated sulfated 

zirconia thin film is 5.4. Assuming a homogeneous distri-

bution of sulfur and zirconium within the thin film over the 

XPS measurement depth, a sulfate surface area of 

31 Å²[71] and a zirconia surface 2 x 2 unit cell of 

6.425 x 7.284 Å,[8] the sulfate groups are shown to cover 

~33% of the surface, which is equivalent to a surface site 

density of ~1.1x1018 S atoms/m². Alternatively assuming 

the sulfate groups are situated on the surface of zirconia 

crystals, a layer model that accounts for attenuation of the 

zirconium signal can be used to estimate the sulfate surface 

density. Such a model results in the calculated thickness of 

the sulfate layer being in excess of a monolayer coverage, 

which is not considered viable given the preparation route 

of the zirconia thin films and the fact that polymeric sul-

fates (higher than disulfates) were not observed by theoreti-

cal studies.[8] 

Previously reported IR studies indicate the adsorp-

tion of n-butane to occur on hydroxyl groups on sulfated 

zirconia.[73] Furthermore, XPS investigations on the inter-

action of sulfated zirconia thin films with n-butane under 

reactive conditions[74] show the attenuation of the zirco-

nium signal to be greater than sulfur upon carbon deposi-

tion, which suggests adsorption on zirconia rather than 

coverage of the sulfate groups. However, given the similar 

coverages and densities of the chemisorbed n-butane (' 

and  together account for 30% of the surface sites) and 

sulfate surface sites (33% percent coverage), chemisorption 

of n-butane is proposed to occur in close proximity of the 

surface sulfate species. As the surface areas (and hence 

structures) of both sulfate and n-butane molecules are as-

sumed (based on literature values) the correlations between 

the activated sulfate and total chemisorbed butane surface 

coverages or densities are surprisingly good. It is thus pro-

posed that the strong chemisorption sites arise from the 

presence of a minority, active, disulfate species.[8,9] Hence 

the weaker, more dominant chemisorption sites are ascribed 

to mono-sulfate species. The range of n-butane heats of 

adsorption for both the disulfate and mono-sulfate species 

are attributed to there being a distribution of similar adsorp-

tion sites. It is thus envisioned that the chemical environ-

ment of the disulfate and mono-sulfate species, for instance 

hydroxyl groups or defects, play a key role for the adsorp-

tion properties of the sites. In other words, the sites can be 

considered ensembles of sulfate groups and their surround-

ing. 

 

 

5. Conclusions 

 

To study the surface chemistry of sulfated zirconia, 

thin films containing zirconium, oxygen and sulfur were 

synthesised using a biomimetic route. The thickness of the 

films was found to play a crucial role in the formation of 

the tetragonal phase; if the films are too thin the layer will 

not crystallise during thermal treatment. Calcined films 

were found to have the essential features, including equiva-

lent sulfur content and crystalline phase, of active powder 

catalysts,[43] thus validating them as a model system. 

These films enable surface science techniques to be applied 

while not compromising the chemical complexity of the 

catalyst. Different types of adsorption sites on sulfated 

zirconia could thus be identified and quantified, with more 

detail than was previously possible. 

The adsorption of n-butane on sulfated zirconia thin 

films under adsorption–desorption equilibrium conditions 

was detected by XPS and UPS. XPS measurements under 

isobaric conditions showed the sulfated zirconia thin films 

to promote the adsorption of n-butane as compared to a 

catalytically inactive material (a silicon oxide layer). 

UPS measurements under isobaric conditions de-

tected two distinctly different chemisorption sites for n-

butane on sulfated zirconia. Adsorption of n-butane equiva-

lent to 05 and to 525% of a monolayer on the sulfated 

zirconia thin films, releasing heats of between 59–40 and 

47–34 kJ/mol, is ascribed to strong and weak chemisorp-

tion, respectively. The sites are considered to be ensembles 

characterised by disulfate and mono-sulfate species, respec-

tively. Variations in the chemisorption heats are ascribed to 

a diverse chemical environment of the sulfate species. An 

increase in adsorption heat with increasing coverage was 

observed at ~5–8% of a monolayer, this trend is believed to 

result from adsorbate–adsorbate interactions. Sites in close 

proximity to one another would allow for isomerisation 

proceeding via a bimolecular surface reaction. Physisorp-

tion on the films generates heats of ~28 kJ/mol, for cover-

ages between 30% up to a complete monolayer. The 

deduced heats of adsorptions are in good agreement with 

values obtained from powder sulfated zirconias,[65-68] 

indicating that the nature of the sites on powder materials 

can be identified with the help of the assignments made by 

use of model thin films . 
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